15 Across Eurasia and North America, beaver (Castor spp), their dams and their human-built 16 analogues are becoming increasingly common restoration tools to facilitate recovery of streams 17 and wetlands, providing a natural and cost-effective means of restoring dynamic fluvial 18 ecosystems. Although the use of beaver ponds by numerous fish and wildlife species is well 19 documented, debate continues as to the benefits of beaver dams, primarily because dams are 20 perceived as barriers to the movement of fishes, particularly migratory species such as 21 salmonids. In this study, through a series of field experiments, we tested the ability of juvenile 22 salmonids to cross constructed beaver dams (aka beaver dam analogues). Two species, coho 23 salmon (Oncorhynchus kisutch) and steelhead trout (O. mykiss), were tracked using passive 24 integrated transponder tags (PIT tags) as they crossed constructed beaver dams. We found that 25 when we tagged and moved late-summer parr from immediately upstream of the dams to 26 immediately downstream of them, most of them were detected upstream within 36 hours of 27 displacement. By the end of a 21-day field experiment, 91% of the displaced juvenile coho and 28 54% of the juvenile steelhead trout were detected on antennas upstream of the dams while <1% 29 of the coho and 15% of the steelhead trout were detected on antennas in the release pool below 30 the dams. A similar but shorter 4-day pilot experiment with only steelhead trout produced similar 31 results. In contrast, in a non-displacement experiment, juveniles of both species that were 32 captured, tagged and released in a pool 50 m below the dams showed little inclination to move 33 upstream. Finally by measuring hydraulic conditions at the major flowpaths over and around the 3 34 dams, we provide insight into conditions under which juvenile salmonids are able to cross these 35 constructed beaver dams, which should help guide future restoration efforts. 36 38 across riverine landscapes and have altered many natural processes by reducing ecosystem 39 connectivity. In the past five millennia, millions of dams have been constructed by humans, with 40 over two million built in the USA alone [1, 2]. Currently, efforts are underway to remove many 41 of these dams, with the primary objective of restoring stream connectivity, and more specifically, 42 to improve fish passage [3, 4] .
INTRODUCTION
Human-constructed dams and other instream obstructions have become a ubiquitous feature 140 When European trappers first arrived in the 1830s, the valley floor of the Scott River was so 141 full of beaver dams and lodges that it was in essence one large swamp [13] . Because of this 142 abundance, it was initially called the Beaver Valley, and trappers rapidly removed thousands of 143 beavers [13, 46] . Today a small number of beaver persist in the watershed in a few streams, 144 including Sugar Creek. The area also has a history of extensive gold mining and the study reach 145 on Sugar Creek is in an area that has been dredged for gold as recently as the mid-twentieth 146 century, and currently flows through large mounds of cobble-dominated mine tailings.
147
The bedrock in the area, dating from pre-Silurian to Late Jurassic and possibly Early 
METHODS

169
As part of an experimental stream restoration project intended to improve habitat for ESA-170 listed coho salmon, in 2015 we constructed two BDAs on Sugar Creek approximately 50 m and 171 200 m above its confluence with the Scott River, following the methods as described in [40, 48] .
172 Such structures are intended to mimic the form and function of beaver dams, and under ideal 173 conditions, they are eventually colonized by beaver. The structures were made by pounding a 174 line of posts into the ground, approximately perpendicular to the direction of flow, then weaving 175 willow between the posts. A downstream apron of cobbles was provided to minimize scour and 176 an upstream berm of clay, organic material, sand and rock was constructed to create a semi-177 permeable structure with flow moving through, over and around the structure during most of the 178 year, but with some side channel and side passage flow diminishing in the summer when flows 179 decrease due to both natural causes and upstream water diversions. Although juvenile fish could 180 likely wiggle through some of the pores within the structure, most of the flow was either over or 181 around the structure and we thought that most fish would follow one of these major flow paths to 182 cross the structures.
183
The lower BDA was constructed at the same location and height (approximately 1 m) as a 184 naturally occurring beaver dam that had existed there a few years previous, and has a total linear 185 width of 45 m. The upper BDA was constructed in a relatively constricted reach between piles of 186 mine tailing cobbles. The crest elevation is approximately 30 cm above the downstream pool 187 created by the lower BDA, and the total width is 15 m. In the summer of 2017, two smaller 188 BDAs were constructed downstream of the lower BDA to provide additional stability of the 189 structure and to address perceptions that the 1 m-high structure was a barrier to fish passage. 211 board with a multiplexor that "sampled" each antenna for 100 mS every 900 mS, were placed in 212 the release pool, just above the BDA in the pond, and downstream of the block net, to monitor 213 the movement of tagged fish and maximize the potential for detecting any fish that moved 214 upstream past the BDA and into the upstream Pond ( Fig 2) . Our arrays were not set up to detect 215 fish that passed the dam by wiggling through the diffuse flow within the pores of the structure.
216 PIT antenna were set up so that they covered approximately 90% of the total side channel area 217 through which the fish could pass, and included the thalweg, which we assumed to be the most 218 commonly used passage route. 
280
There were numerous flow paths over, through and around the BDAs. On BDA 1.1 (the 281 lower BDA that displaced fish had to cross) major flow paths were a side channel that skirted the 282 edge of the BDA on river left, with a discharge of approximately 0.03 m 3 /s, and three sections 283 across the top of the BDA, each with a similar amount of discharge, where water flowed over the 284 top to form waterfalls (Fig 4) . The side channel flowed for 8 m over cobble and gravel at a slope 285 of 11%, and entered into the pool below BDA 1.1 (i.e., the "Release Pool", where displaced fish 286 were released). The water surface elevation-to-water surface elevation drop at the falls flowing 287 over the BDA ranged from 38-40 cm. Major flow paths on BDA 1.0 (the upper BDA that fish displaced fish had to cross) were 289 a side channel that flowed on the river left side of the main BDA section and a single section 290 near the middle where water flowed over the top of the BDA. Flow out of BDA 1.0 was much 291 more dispersed, flowed through dense vegetation, and there were numerous passage routes where 292 we were unable to place PIT antennas (Fig 2) . The side channel passage route that we were able 293 to monitor flowed over cobble and gravel for a distance of 5 m at an 8% slope, until at the 294 downstream end it entered the pool immediately above BDA 1.1. The water surface elevation-to-295 water surface elevation drop at the waterfall over BDA 1.0 was 27 cm.
296
In addition to the temporary portable antennas, we also placed two permanent antennas 444 As of fall, 2017, we estimated that the amount of habitat created upstream of the BDAs was 445 7,080 m 2 and of a quality sufficient to support 6,744 (SE=537) coho parr. From our fall, 2017 446 mark-recapture effort, we estimated a population of 2,517 (SE=1173) coho parr. We also 447 estimated the coho survival from summer, 2017 through the 2018 spring outmigration to be 88%.
448 This is based on detection of 863 tagged coho during the spring outmigration period, out of 1077 449 tagged the previous summer and fall (80.1%), multiplied by an estimated combined PIT antenna 450 detection efficiency of 91% for juvenile coho salmon for the two antennas in the lower BDA 451 pond during the spring outmigration period. We did not estimate steelhead abundance because of 452 the relatively low densities observed, but we tagged 361 juveniles in the summer and fall and 453 detected 152 during the spring outmigration period (42%), which multiplied by an 88% antenna 454 detection efficiency (for juvenile steelhead trout) provides an overwintering "apparent" survival 455 estimate of 48%.
DISCUSSION
457
This study lends support to the hypothesis that because salmonids have evolved with 458 beaver dams, they have developed behavioral and physical adaptations that allow them to cross 459 such dams at important life-history stages. The two relocation experiments suggest that both 460 coho salmon and steelhead trout parr have little difficulty crossing the BDAs, whether by 461 jumping over a 40-cm waterfall or swimming up a short side channel with an 8-11% slope, the 462 former being somewhat analogous to an engineered pool-weir passage structure and the latter 463 being somewhat analogous to an engineered embedded rock ramp [49] . The fish appeared to 464 time their movements according to light conditions and the majority of them moved upstream 465 within the first or second favorable opportunity. In Experiment #2, a small number of juvenile 466 steelhead trout remained in the release pool throughout the first few weeks of the study, but the 467 majority of those were detected upstream at a later date by the permanent antennas. The 468 upstream antennas had a much higher efficiency in detecting coho salmon relative to steelhead 469 trout, probably in part due to the antenna locations, which were placed in deep slow water habitat 470 favored by coho salmon, as opposed to the faster and more turbulent water preferred by 471 steelhead. Juvenile coho salmon reliably move to pools with cover (which is where the upstream 472 antennas were placed), whereas juvenile steelhead trout occupied a variety of habitats. We also 473 note that the habitat in the release pool was not poor quality, with good depth, cover and aeration 474 (Figs 4 and 9) , and the initial lack of upstream movement by some individuals may have been 475 due to the fact that they found the release pool to be suitable habitat.
476
There are surprisingly few studies of specific conditions under which juvenile salmonid 477 (or other species) crossed instream barriers, whether natural or artificial, and even fewer studies 478 documenting the hydraulic and hydrologic conditions under which juvenile fishes cross beaver 479 dams, and especially during low-flow conditions. Guidelines for adult fish passage suggest that 480 the pool depth in pool-weir passage routes be at least twice the length of the fish, and for ramps 481 that the depth be at least as much as the body height of the fish, conditions that were easily met 482 for our juvenile fish in our experimental conditions [50] [51] . Guidelines for jump heights at 483 pool-weir fish passage facilities (i.e. the difference in water surface elevations between two 506 creating turbulent flow and relatively low velocity conditions (Fig 9) . These hydraulic conditions 507 are significantly different than a culvert or cement flume angled to a 8-11% slope, which would 508 tend to have more laminar and uniform flow. We did not find specific guidelines for the 509 acceptable length and slope of embedded rock ramps that is thought to ensure fish passage, but 
539
None of these studies considered whether there were any population-level effects, nor did 540 they examine similar habitat without beaver as a comparison, or consider that it might be 541 advantageous for fishes not to cross beaver dams. For example, in the Nova Scotia study, it was 542 left undiscussed the possibility that the Atlantic salmon may have found it more advantageous in 543 drought years to spawn in the lower reaches of a stream, and below beaver dams, because of 544 improved flow conditions downstream, potentially a result of water stored behind the upstream 545 beaver dams[54]. As another example, in Washington, a telemetry study of the rare Salish sucker 546 (Catostomus catostomus) indicated that they rarely crossed beaver dams, but then a later study at 547 the same site indicated that the highest number of suckers were in the beaver pond complexes, 548 and that the habitat was consistent with habitat descriptions of "good" sucker habitat [57] .
549
At our study site, we demonstrated that the ponds upstream of the dams produced 550 thousands of fishes, from a reach that formerly ran dry during the summer. This indicates that 551 breaching the dams (and thus draining the ponds) to ensure fish passage would have likely 552 resulted in a net loss of benefit. Because we also demonstrated juvenile fish passage, a decision 553 to breach the dam (to comply with 15 cm fish passage jump heights) would clearly have been 554 detrimental to the species. However in other situations, where there are not data to assist with 555 decision-making and where flow conditions may be different, the decision of whether to remove 556 or modify an obstruction so that it complies with fish passage guidelines, or to require a 557 proposed restoration structure to comply with fish passage guidelines, may be less clear. The 558 data from our study provide some general guidance, which suggests that knowledge of how fish 559 use a particular stream system and the relative abundance of different habitat types within the 560 system is key to understanding how to manage instream obstructions such as beaver dams.
561
For coho salmon, the target species of the restoration project, the data suggest that if adult 562 fish are spawning above the dams, then the offspring of such adults will have access to the ponds 563 and upstream fish passage for these juveniles is less important. We think that because 564 outmigrating juveniles time their downstream movements to coincide with high flows, concerns 565 over passability at this life-history stage are less warranted. For adult salmon, an assessment of 566 hydraulic conditions at a time when adults are trying to move past the structure is essential to 567 assess whether or not the structure may be blocking movement, but even then, a consideration of 568 the juvenile overwintering habitat that will be lost if the dam is breached needs to be weighed 569 against the potential benefits to having an increased number of fish spawning upstream. Overall, we suggest that unless there is clear and compelling evidence that a beaver dam or 571 BDAs are preventing the movement of fishes and that this is likely to have a population-level 572 effect, such structures should not be removed. Options such as temporarily notching may be an 573 alternative under some conditions, such as the presence of adult salmon stacking up below a 574 dam, but guidelines need developing. For human-built structures such as BDAs and other weirs, 575 we suggest that our data provide some guidance as to what constitutes a passable structure, but 576 that more examples from the field are needed under a wider range of flow conditions.
577
Studies that assess the costs and benefits of a structure to a fish population are essential.
578 Because beaver dams and similar structures can provide extensive habitat upstream, the cost of 579 impaired fish passage needs to be weighed against the upstream habitat benefits accrued. In 580 general the benefits of increased connectivity, that is access to habitat, needs to be weighed 581 against the quality of the habitat that is available to use. We speculate that in the case of coho 582 salmon, decades of emphasizing habitat connectivity over habitat quality by removing perceived 583 obstructions to fish passage is a significant contributing factor to their widespread decline..
584
Studies from Alaska to California suggest that where abundant instream obstructions that 585 create deep slow-water habitat, coho salmon thrive, and that conversely, where such habitat is 586 rare or absent, coho salmon are typically rare or absent [45, 58] . While connectivity in fluvial 587 systems is in general an important goal, the pursuit of that goal needs to be tempered against the 588 need for creating habitat of a type and quality to which species have adapted. Species have 589 adapted to and evolved in the presence of instream obstructions such as beaver dams and wood 590 jams. Numerous species utilize the complex and dynamic pool, pond and wetland habitat created 591 by such obstructions and some of those species are in steep population decline. In addition to
